Hormone-sensitive lipase (HSL, Lipe, E.C.3.1.1.3) is a multifunctional fatty acyl esterase that is essential for male fertility and spermatogenesis and that also plays important roles in the function of adipocytes, pancreatic ␤-cells, and adrenal cortical cells. Gene-targeted HSL-deficient (HSL؊/؊) male mice are infertile, have a 2-fold reduction in testicular mass, a 2-fold elevation of the ratio of esterified to free cholesterol in testis, and unique morphological abnormalities in round and elongating spermatids. Postmeiotic germ cells in the testis express a specific HSL isoform. We created transgenic mice expressing a normal human testicular HSL cDNA from the mouse protamine-1 promoter, which mediates expression specifically in postmeiotic germ cells. Testicular cholesteryl esterase activity was undetectable in HSL؊/؊ mice, but in HSL؊/؊ males expressing the testicular transgene, activity was 2-fold greater than normal. HSL transgene mRNA became detectable in testes between 19 and 25 days of age, coinciding with the first wave of postmeiotic transcription in round spermatids. In contrast to nontransgenic HSL؊/؊ mice, HSL؊/؊ males expressing the testicular transgene were normal with respect to fertility, testicular mass, testicular esterified/free cholesterol ratio, and testicular histology. Their cauda epididymides contained abundant, normal-appearing spermatozoa. We conclude that human testicular HSL is functional in mouse testis and that the mechanism of infertility in HSLdeficient males is cell autonomous and resides in postmeiotic germ cells, because HSL expression in these cells is in itself sufficient to restore normal fertility. (Endocrinology 145:  5688 -5693, 2004) 
H ORMONE-SENSITIVE LIPASE (HSL, gene symbol
Lipe, E.C.3.1.1.3) is a multifunctional fatty acyl esterase expressed in postmeiotic male germ cells of the testis (1, 2) as well as several tissues involved in energy homeostasis, including white and brown adipose tissue, adrenal cortex, and pancreatic ␤-cells. The testicular isoform of HSL has two domains. The C-terminal region corresponds to the complete, catalytically active sequence identical with that of the major HSL isoforms of nontesticular tissues. The 303-residue N-terminal domain, encoded by a testis-specific exon (see Fig. 1 ) is of unknown function. HSL accounts for a major fraction of triglyceride hydrolase activity and for all detectable cholesteryl esterase activity in the testis (3, 4) . HSL deficiency has been described only in mice (3) (4) (5) (6) . HSLϪ/Ϫ mice present abnormalities in adipose tissue, pancreatic islets, and the adrenal cortex in addition to male infertility (3) (4) (5) (6) . HSL-deficient males have striking morphological abnormalities in postmeiotic male germ cells (3, 7) . HSL is predominantly expressed in elongating spermatids of mice and humans (8) . However, low levels of HSL immunoreactivity are reported in type B spermatogonia, primary spermatocytes (9) , and Leydig cells (10) . In Sertoli cells (10, 11) , HSL immunoreactivity is found mainly in lysosomes (11) , presumably reflecting the active phagocytosis of residual bodies of germ cells.
To better understand the mechanisms underlying the infertility seen in HSL deficiency, we created transgenic mice expressing a normal human testicular HSL cDNA from the protamine-1 promoter, which has been shown to be specific for postmeiotic male germ cells (12) . We then bred this transgene onto a HSL-deficient background.
Materials and Methods Animals
Mice were maintained on a 12-h light, 12-h dark photoperiod and were provided with food and water ad libitum. The gene-targeted HSLdeficient mouse strain has been reported (4). The gene-targeting event causes the removal of the 498 amino-terminal codons and results in undetectable HSL activity and protein levels in tissues, including testis. F 1 heterozygotes were bred into a C57BL/6J background for at least eight generations. Genotyping was by PCR analysis (13) of tail DNA as described (4). Three-month-old mice were used for all studies reported here (n ϭ 4/genotype). Organs were weighed in 3-month-old HSLϪ/Ϫ mice and controls.
Vector construction
A human HSL cDNA was cloned downstream of the mouse protamine-1 promoter in the pPrCExV-1 vector (14), a gift from Robert E. Braun ( Fig. 1) . A full-length testicular HSL cDNA was assembled in three cloning steps. In HSL cDNAs, the adenine of the initiation methionine codon in exon 1 is designated as position ϩ1. Using the clone hHSL(1.3)/ blue (15), a gift from C. Holm, which contains 1.3 kb from the 3Ј region of the human HSL cDNA, we introduced two point mutations, A12503 C and C12533 A. These mutations do not change the predicted amino acid sequence but create an NdeI site at nucleotide 1250. Second, to obtain a full-length adipose tissue HSL cDNA, we amplified a fragment corresponding to residues Ϫ18 to 1260 of the human HSL cDNA using RT-PCR, using a sense primer 5Ј-TCAAGGCTCATCCACAA-CAT-3Ј (residues -18 to 2) and an antisense primer 5Ј-CGCAAGGCAtATgCGTTCCCCTGTTTGA-3Ј (1236 -1262) and containing the C1250/A1253 mutations, shown in lowercase. This amplicon was cloned into the NdeI site of the cDNA and the SalI site of the pBluescript (SK) polylinker (Stratagene, La Jolla, CA), creating a full-length human HSL cDNA corresponding to the major adipose HSL isoform. Finally, a cDNA containing the coding sequence from the testicular HSL exon, plus 88 bp of exon 1, was amplified from human testis total RNA (Clontech, Pal Alto, CA) and inserted into the naturally occurring XhoI site at position 63 of the human adipose HSL cDNA clone and a cloning XhoI site in pBluescript, creating a full-length human testicular HSL cDNA. This was cloned 3Ј to the protamine-1 promoter, in the BamH1 site of pPrCExV-1. In the resulting vector, designated pPrHSLt, the sequence and orientation of inserts were verified by sequencing on both strands.
Genotyping of transgenic mice
Isolation of mouse tail genomic DNA was as described (16) . We used 200 ng of genomic DNA for amplification. The sense primer, Prt-1 (5Ј-ACCCCTGCTCACAGGTTGGC-3Ј) corresponds to residues -57 to -77 upstream of the adenine of the initiation methionine codon of mouse protamine-1 cDNA. The antisense primer, LipH68 (5Ј-CCTGGCTC-GAGAAGAAGGCT-3Ј), is complementary to nucleotides 956 -976 of the human testicular HSL cDNA. PCR conditions were as described (16) except that Prt-1 and LipH68 were used as primers. Amplification of a 1.1-kb fragment was diagnostic for the presence of the transgene.
Founders testing positive by PCR were also genotyped by Southern blotting. Mouse genomic DNA (5 g) was digested with HindIII and probed with a 1.3-kb fragment spanning residue 1263 to the 3Ј extremity of the human HSL cDNA. In normal C57BL/6 mice (not shown), this probe hybridizes neither to genomic DNA nor to adipose tissue mRNA. Using this probe, an 8-kb HindIII fragment was detectable in the transgenic mice, corresponding to an internal fragment of the transgenic insert.
Production of transgenic mice expressing human testicular HSL in male germ cells
The vector was digested with HindIII to remove plasmid sequences, then purified with a kit (no. 20021, QIAGEN, Valencia, CA). Microinjections were performed on 450 C57BL/6 mouse embryos, which were transferred to pseudopregnant females. Founders were bred with HSLdeficient or heterozygous mice. The testicular HSL transgene (ttg) was bred onto a HSL-deficient background to obtain males with no endogenous HSL expression (HSLϪ/Ϫ ttg).
Assessment of fertility
Three-month-old males of three different genotypes (HSLϩ/ϩ ttg, HSLϪ/Ϫ ttg, and HSLϪ/Ϫ; n ϭ 6/genotype) were each mated with one to two 2-month-old CD-1 females (Charles River Laboratories, Inc., St. Constant, Canada). Males and virgin females were housed together for 14 d. Females were evaluated for the presence of copulation plugs, pregnancy, and litter size. Females failing to become pregnant after mating with HSLϪ/Ϫ males were later demonstrated to be fertile by mating with HSLϩ/ϩ males.
Northern blot and enzymatic studies
For Northern analysis, RNA was extracted from testes of HSLϪ/Ϫttg mice aged 10, 19, and 25 d and 3 months, as well as the testes of 3-month-old controls. To test for testis-specific transgene expression, we also extracted RNA from other organs, including white and brown fat, spleen, heart, and skeletal muscle. Northern blotting was as described (17) using the above-mentioned 3Ј 1.3-kb HSL cDNA probe and a control oligonucleotide (5Ј-CGGAACTACGACGGTATCTG-3Ј) that hybridizes to 18S rRNA (18) .
Cholesteryl esterase was measured as described (19) . The contents of cholesteryl ester and of free cholesterol in testes were determined as described (20) .
Antibody production and Western blots
An N-terminal human HSL cDNA fragment containing codons 1-323 of adipose HSL was cloned into pEt-30a(ϩ) (Novagen, Madison, WI). After addition of isopropylthio-␤-galactoside, cultures were incubated to an OD of 0.6, and then the expressed HSL peptide was isolated from the inclusion body. The expressed peptide contained an N-terminal His tag and was purified as recommended by the company. The His tag was removed by enterokinase digestion. The HSL peptide was solubilized in 0.1 m Tris-Cl (pH 8.0) containing 0.1% l-sarcosine, 20% glycerol, and 10 mm 1,4-dithioerythritol. Polyclonal rabbit anti-HSL antibodies were produced (Invitrogen, Carlsbad, CA).
For Western blots, 20 g of fat-free infranatant proteins, resolved using SDS-PAGE, were electroblotted to a polyvinylidene difluoride membrane in ice-cold 25 mm Tris, 192 mm glycine (pH 8.3) at 100 V constant voltage for 1 h. After transfer, the membrane was blocked overnight at 4 C with a solution of Tris-buffered saline (TBS) containing 20 mm Tris-HCl (pH 7.4), 150 mm NaCl, 5% (wt/vol) skim milk, and 0.1% Tween 20 and then incubated at room temperature with a 1:8000 dilution of HSL antiserum in TBS containing 1% skim milk and 0.1% Tween 20 for 1 h. The membrane was washed three times for 10 min each with TBS containing 0.1% Tween 20 and then incubated for 1 h in a 1:10,000 dilution of peroxidase-conjugated goat antirabbit IgG in the above buffer. The membrane was washed three times for 10 min each with TBS containing 0.1% Tween 20. The bound antibody was detected by the BM chemiluminescence blotting substrate peroxidase (POD) detection system according to instructions from the manufacturer (Roche Diagnostics, Laval, Canada).
Light microscopy
Three 3-month-old mice of each genotype (HSLϩ/ϩ ttg, HSLϪ/Ϫ ttg, and HSLϪ/Ϫ) were anesthetized with sodium pentobarbital (Somnitol, MTC Pharmaceuticals, Hamilton, Canada) and perfusion fixed through the heart with 5.0% glutaraldehyde in 0.1 m sodium cacodylate buffer (pH 7.4). After perfusion, tissues were collected, cut into 1-mm 3 pieces, processed, embedded in Epon, and prepared for light microscopy as previously described (21) .
Results

Results of microinjections and characterization of the human testicular HSL transgene
Oocyte microinjection of the vector containing the protamine-1 promoter and the entire coding region of the human testicular HSL cDNA (Fig. 1 ) yielded 32 pups. Three (9%) were transgenic, two males and one female. One male transmitted the transgene. His progeny was used for further studies. Genomic Southern blotting with a probe specific to the human HSL cDNA revealed the predicted 8-kb HindIII fragment in testicular HSL transgenic mice ( Fig. 2A) , which segregated as an autosomal trait (not shown). Transgenic HSL mRNA was easily detectable in testes of HSL ttg mice (Fig.  2B) . In contrast, transgene expression was undetectable in white adipose tissue (Fig. 2B) and also in brown fat, spleen, heart, and skeletal muscle (not shown). Similarly, by Western blotting, transgenic human testicular HSL was detectable in the testis but not in white adipose tissue (Fig. 3) .
The testicular transgene was bred onto an HSLϪ/Ϫ background to create mice expressing the testicular transgene but lacking no detectable endogenous HSL (HSLϪ/Ϫ ttg) (Fig.  2) . In these mice, transgene expression in the testis appeared between 19 and 25 d (Fig. 4) , coinciding with the first wave of postmeiotic transcription of round spermatids in mouse testis.
Effect of human testicular HSL expression on testicular biochemistry in HSL-deficient mice
Cholesteryl esterase activity in testes from HSLϪ/Ϫ ttg mice was 2-fold greater than that in wild-type mice but was undetectable in testes from HSLϪ/Ϫ mice ( Table 1) . Furthermore, the esterified-to-free cholesterol ratio, which is elevated in testes of HSL-deficient males, was normal in HSLϪ/Ϫ ttg males. There was no overlap between the esterified-to-free cholesterol ratios of HSLϪ/Ϫ mice (range, 1.18 -2.23) and either HSLϪ/Ϫ ttg mice (range, 0.41-0.64) or wild-type mice (range, 0.33-0.58). 
Fertility and histology in HSL-deficient mice expressing a human HSL transgene
The fertility of HSLϪ/Ϫ ttg males was comparable to that of normal controls. For each of the six HSL Ϫ/Ϫ ttg males tested, housing with a female resulted in each case in pregnancy within 2 wk, with a mean litter size of 6.3 Ϯ 2.9 offspring (total of eight pregnancies). In contrast, HSLϪ/Ϫ males were invariably sterile.
The gross examination of the male genital tract in 3-monthold HSLϪ/Ϫ ttg mice was normal, including the weights of testes (Table 1 ) and seminal vesicles (data not shown). In contrast, the masses of brown fat depots were abnormally enlarged in transgenic HSLϪ/Ϫ mice, as in nontransgenic HSL-deficient mice (Table 1) .
Seminiferous tubules at stage VI of the seminiferous epithelial cycle are shown in Fig. 5 . Histologically, compared with HSL ϩ/ϩ ttg mice (Fig. 5A) and HSL ϩ/ϩ mice (not shown), the testes of HSLϪ/Ϫ ttg males were also histologically normal (Fig. 5B) . In contrast, HSLϪ/Ϫ mice showed few if any elongating spermatids in the seminiferous epithelium (Fig. 5C ). All stages of the seminiferous tubule cycle (I-XII) were studied and were similar in HSLϪ/Ϫ ttg, HSLϩ/ϩ ttg and HSLϩ/ϩ mice (not shown). Abundant mature spermatozoa were present in the epididymides of both HSLϪ/Ϫ ttg (Fig. 5E) and HSLϩ/ϩ ttg mice (Fig. 5D) , whereas in HSLϪ/Ϫ mice, spermatozoa were absent, and only round, degenerating cells were noted (Fig. 5F ).
In contrast, there was no histological correction of extra- testicular tissues in HSL Ϫ/Ϫ ttg mice. For instance, in brown fat of 3-month-old mice, the characteristic increase of cell diameter and presence of macrovesicular fat droplets (3, 4) were apparent in HSLϪ/Ϫ ttg mice, indistinguishable from HSL Ϫ/Ϫ mice (Fig. 5, G-I ).
Discussion
We created transgenic mice that overexpress human testicular HSL in a testis-specific fashion. Our evidence suggests that expression of the testicular transgene, as for the normal endogenous testicular HSL isoform, is confined to postmeiotic germ cells. First, the transgenic protamine promoter used in these mice has previously been shown to mediate postmeiotic germ-cell-specific expression (12) . Second, the onset of transgenic HSL expression corresponds to the initial wave of meiotic division and development of round spermatids in mouse testis.
The human transgene is functional in mouse testis, as shown by the normal testicular histology of HSLϪ/Ϫ ttg mice. Although previous immunocytochemical studies have described low-level HSL expression in type B spermatogonia and primary spermatocytes (8) , the significance of this is unknown. The demonstration in this article of correction of the infertility and testicular histological abnormalities of the HSLϪ/Ϫ mice by postmeiotically expressed HSL suggests that HSL expression elsewhere than in postmeiotic germ cells is not essential for spermatogenesis.
Before this work, hypotheses for the infertility of HSLϪ/Ϫ mice included 1) a direct effect of HSL deficiency, 2) possible humeral influences resulting from systemic HSL deficiency, and 3) inadvertent interference with other genes near the targeted Lipe locus. Of note, the infertility of HSLϪ/Ϫ mice is not because of androgen deficiency. Seminal vesicle mass and sexual activity, both of which reflect testosterone action, are normal in transgenic HSLϪ/Ϫ males, as in nontransgenic HSLϪ/Ϫ males (7). Furthermore, testosterone levels are normal in HSLϪ/Ϫ mice (3). The observations in testicular transgenic mice clearly demonstrate that male sterility in HSL deficiency arises directly from HSL deficiency in round spermatids and/or later postmeiotic male germ cells.
Although normal spermatogenesis is abolished by complete HSL deficiency, the minimum level of HSL activity necessary for normal spermatogenesis is unknown. A more than 6-fold range of HSL activity from 50% of normal in heterozygous HSLϩ/-mice (7) to the increased activity of HSLϩ/ϩ ttg mice is compatible with normal fertility and testicular morphology.
The striking increases of HSL mRNA and protein in transgenic mice (Figs. 2 and 3) were associated with only a 2-fold increase of cholesteryl esterase activity (Table 1) . This may reflect intrinsic differences in specific activity between human and mouse testicular HSL, or perhaps may be related to modification of the human HSL within the mouse germ cells. For instance, cAMP-and MAPK-related phosphorylation of HSL is well documented in adipocytes (22, 23) . It is plausible that in the testis of the transgenic mice, HSL phosphorylation may be altered in response to the nature or amounts of the transgenic HSL.
This study also demonstrates that human testicular HSL is functional in mouse cells. This was not previously apparent, because human and mouse HSL differ by numerous amino acid deletions and substitutions throughout their sequences (24) and in the testis-specific N terminal. In adipose tissue, HSL is reported to interact with at least two proteins, adipocyte fatty acid binding protein (25) and lipotransin (26) . If testicular HSL also engages in protein-protein interactions, our observations imply that human HSL can interact with the murine counterparts of its normal partners. In the course of this work, a second testicular HSL isoform was described in humans (27) . In this isoform, use of an alternate nontranslated first exon produces a distinct HSL mRNA, but the predicted translation product is identical to the main adipose HSL isoform, lacking the 303-residue Nterminal sequence of the major testicular isoform and of the testicular transgene described here. Based on published reports, the mRNA of this isoform appears to be absent or expressed at a low level in rodent testis (21, 28, 29) . By homology searching (not shown), we identified the murine ortholog of the other human HSL testicular exon, between residues Ϫ6659 and Ϫ6502 of the mouse Lipe gene (AF179427), designated T2 in Fig. 1 . Our study does not define the role, if any, of the other testicular HSL isoform. However, we demonstrate that normal fertility is possible in animals expressing only the major testicular HSL isoform exclusively in postmeitotic germ cells. Therefore, expression from the recently described exon and/or expression of HSL isoforms elsewhere than in postmeiotic germ cells is not essential for fertility.
These observations illustrate the usefulness of transgenic manipulation for studies of testicular metabolism. The study of testicular metabolism is technically challenging because of the complex cytoarchitecture of the testis and the small amounts of tissue available. Traditional cell separation techniques (30) can be used for biochemical studies of isolated germ cells in normal mice but may be difficult to interpret in mice with abnormalities in the seminiferous epithelium such as those seen in HSLϪ/Ϫ mice (7) .
There is considerable interest worldwide in the development of efficient male contraception (31) . Although most current strategies are centered on suppression of male hormone action (32) , postmeiotic germ-cell-specific peptides represent potential targets for contraceptive development (21, 33, 34) . The postmeiotic germ-cell-specific testicular HSL isoform may prove to be an attractive target for male contraception, given that its absence causes absolute male infertility in a cell autonomous fashion.
